The formation of molecular complexes in isopropanol-water solutions is studied by means of vibrational spectroscopy techniques. The ATR FTIR spectra of solutions with different mixing ratios are detected. The multivariate curve resolution of the experimental data set shows that the investigated solution could be treated as a four-component mixture, which contains pure isopropanol, pure water, and two molecular complexes.
Introduction
Aqueous solutions of alcohols have been investigated for a long time, but the details of their molecular structure has not yet been realized completely . Such great interest in water-alcohol solutions is caused due to their widespread usage in many areas, including chemical engineering and bioscience. In biochemical applications, alcohols are used as model species for complex amphiphilic molecules (e.g., proteins) [25, 26] .
The physicochemical properties of alcohol-water solutions show an anomalous behavior in the whole concentration range. This means that their concentration dependence deviates greatly from the ideal behavior, for example, such properties of a solution as viscosity [15, 16] , density [16] , mutual and self- diffusion coefficients [5, 20-23, 27, 28] , excess thermodynamic functions [10, 14, 15, 29] , dielectric permittivity [4, 8, 9] , refractive index [19] , etc. Such nonlinear behavior is a macroscopic manifestation of a complex molecular structure of alcohol-water solutions. It was reported that alcohols-water solutions have inhomogeneous microstructure, i.e. alcohol and water do not mix completely at the molecular level [24] . Due to the hydrogen bond formation, both alcohol [30-32, 51, 52] and water [33] [34] [35] [36] 53] tend to form self-associates. In addition, alcohol and water can form molecular complexes or heteroassociates [1, 10, 13, 18, 37] . Vibrational (Raman and/or infrared) spectroscopy is a powerful tool for the investigation of the molecular structure of liquid solutions. Vibrational spectra are highly sensitive to structural changes in liquid solutions, which occur upon the mixing [38] [39] [40] . The formation of complexes is accompanied by a change of some vibrational degrees of freedom, thus it causes the appearance of new intermolecular vibrations and/or a shift of intramolecular vibrations frequencies. The combination of vibrational spectroscopy with modern analytical techniques (such as a multivariate curve resolution, MCR [41] ) could provide not only qualitative, but quantitative information (concentration of solution species) about the investigated system.
The aim of our research is the investigation of isopropanol-water solutions by means of vibrational spectroscopy. We continue our investigations of aqueous solutions of methanol series alcohols [27, 42] . At the moment, the study of the micro-heterogeneity in isopropanol-water solutions by NIR spectroscopy was presented in [18] . We are interested in the investigation of infrared spectra of the solutions in the range of OH stretching vibrations of isopropanol and water. This spectral region provides indirect information about the possible formation of HO · · · H hydrogen bonds, which are responsible for the self-association and complex formation (hetero-association) in isopropanol-water solutions.
Materials and Methods

Samples and instrumentation
Isopropanol and water with a purity of 99.9% were used in this research. ATR FTIR spectra were detected for solutions with different concentrations of isopropanol and water: from pure isopropanol to pure water with a concentration step of 5% (vol.). The accuracy of the concentration obtained by the mixing of liquids with the use of a micropipette was better than 0.1% (vol.). Mixed samples were stored in glass vials. IR spectra of the investigated solutions were detected in 24 h after the mixing to avoid the influence of relaxation processes. The temperature of the samples was stabilized at 25 ∘ C. Infrared reflection spectra were registered, by using a FTIR spectrometer Thermo Fisher Scientific Nicolet iS50. All spectra were measured with a spectral resolution of 4 cm −1 . The number of scans for each spectrum was 32. The more detailed description of spectroscopic measurements can be found in work [43] .
Analysis of residual spectra
The analysis of residual spectra is used to enhance spectral deviations from the ideal solution behavior [44, 45] . The idea of this method is quite straightforward. If the investigated solution is ideal, its spectrum (Raman intensity or infrared absorbance) is a linear combination of pure spectral components. By the elimination of the ideal solution spectrum from the measured one, we obtain the residual spectrum:
Here, 1 and 2 are the concentrations of component 1 and 2, respectively. The usage of the residual spectra (1) set at different concentrations can provide information about spectral regions, which are the most sensitive to the influence of intermolecular interactions. The method is proved to be useful to study the formation complexes in binary solutions [44] [45] [46] [47] .
Multivariate curve resolution
The multivariate curve resolution is a wide-spread chemometrics technique, which is used in spectroscopy for the determination of quantitative information about the investigated system. The goal of MCR methods is the estimation of the unknown contributions of different components in their mixtures (mixture analysis) [41] . It is supposed that the contribution of each component to the full spectrum is proportional to its pure spectrum. Thus, we use the bilinear form
where D is the spectral data matrix, C represents the matrix of concentration profiles of the mixture components, the matrix S contains spectral profiles of the mixture components, and E represents the matrix of residuals. Equation (2) is solved by the multivariate curve resolution, by using the alternating least squares (MCR-ALS) method. The prior information about the investigated system is usually implemented as an additional constraint in the optimization problem. The ALS optimization under constraints helps us to avoid nonphysical solutions. The main drawback of the MCR-ALS decomposition is the ambiguity of the obtained solutions.
Computation details
The multivariate curve resolution is performed by Tauler's algorithm realized in MATLAB [48] . We applied the following constraints: nonnegativity, closure for concentration profiles, and nonnegativity for spectral profiles. Since we measured the pure spectra of isopropanol and water, we also fixed the spectra of pure components and their concentrations at the ends of the concentration region. As the initial estimation of profiles, which is needed for the starting of the iteration process of alternating least squares, the pure spectral variables were used; they were obtained, by the use of SIMPLISMA [49] . The constrained nonlinear optimization technique (MCR-BANDS [48] ) was used for the detection of the ambiguity of MCR-ALS solutions.
Results and Discussion
Residual spectra
The spectral regions of C-H stretching vibrations of isopropanol and O-H stretching vibrations of isopropanol and water were chosen for the analysis due to their high sensitivity to the possible formation of a hydrogen bond. The corresponding measured ATR FTIR spectra are shown in Fig. 1 . The residual spectra were calculated by Eq. (1). The volume fractions of pure components before the mixing were used as concentration units. The difference between the usage volume and the molar fraction for the calculation of residual spectra is discussed in [47] . The residual spectral contour map is shown in Fig. 2 . It can be seen that the residual distribution is not random; it shows a pronounced dependence on the concentration of a solution.
The ATR FTIR residual spectra map is characterized by the presence of two main maxima with positive values of the residues in the vicinities of 3200 cm 
MCR-ALS decomposition
To obtain the number of components presented in the solutions, we performed the principal component analysis (PCA) [50] of the experimental data matrix. Figure 3 shows the loadings of the first nine principal components (PC). We can see that the major contribution to the measured integral signal is made by the first four principal components. Hence, we performed the four-component MCR-ALS decomposition of the ATR FTIR spectra data matrix. The lack of a fit of the MCR-ALS decomposition equals lof = = 0.44%. The MCR-BANDS optimization was performed to find the band boundaries of feasible spectral and concentration profiles. The obtained spectral and concentration profiles are shown in Figs. 4 and 5. As we can see from Fig. 5 , the obtained concentration profiles are not unique due to the presence of a rotation ambiguity. The latter is caused due to a high degree of the overlapping of both isopropanol and water spectra. The shaded areas at Fig. 5 show the feasible MCR-ALS solutions.
The obtained four components were identified, respectively, as "pure" isopropanol, "pure" water, complex 1, and complex 2. The maximal concentration of complex 1 is reached at 55% (vol.) of isopropanol. This corresponds to the isopropanol/water molar ratio equal to 1 : 3.5. We concerned this complex as water-poor. The intensity of the OH band of the spectral profile of complex 1 is lower than the corresponding one in the spectral profile of complex 2. This supports our statement that complex 1 has a small amount of water molecules. The maximal concentration of complex 1 is about 30% (vol.). Complex 2 is the dominant structural unit in the water-rich region. The maximal concentration of complex 2 is reached at about of 30% (vol.) of isopropanol. The correspondent molar ratio of isopropanol to water equals 1 : 8.8. As this complex dominates at low concentrations of isopropanol, it has a small amount of isopropanol molecules. Thus, this can explain a small intensity of the CH band in its spectral profile.
As we can see from Fig. 4 , the spectrum of complex 1 has a peak at about 3670 cm −1 . This peak may be assigned to stretching vibrations of free OH groups of isopropanol or water. The absence of such peak in the spectral profiles of the "pure" component and complex 1 means that they are formed of dominated cyclic entities. It is worth to note that the obtained spectra of "pure" components are practically identical to the corresponding ones of the bulk state (see Figs. 1 and 4 ). This means that the associates of isopropanol and water in solutions are close to those in bulk isopropanol and water. We note that the regions, where the concentration of complexes is dominant, correspond to concentration regions, where some physical characteristics of solutions have extreme values [3, 4, [6] [7] [8] . The domination of complex 2 in the water-rich region could explain the following features of isopropanol-water solutions: minimal value of the self-diffusion coefficient of isopropanol [4] , minimal value of the mutual diffusion coefficient [20] , maximal value of the dielectric permittivity [4] , maximal value of the terahertz absorption coefficients [3] , maximal value of the sound absorption coefficient [7] , and minimal value of the negative excess enthalpy [3, 6] . The presence of two types of complexes could explain the existence of a minimum and a maximum of the concentration dependence of the excess enthalpy [3, 6] .
Conclusion
The ATR FTIR spectra of isopropanol-water solutions have been studied in the whole concentration range. The formation of complexes in the investigated solutions causes a nonlinear dependence of the intensities of spectra on the concentration, which was detected by the analysis of residual spectra.
The MCR-ALS decomposition of the spectral data matrix is performed. The experimental results confirm the possibility to describe the structure of a liquid isopropanol-water solution (from the spectroscopic point of view) as a combination of four components: "pure" isopropanol, "pure" water, and complexes consisting of both types of molecules, waterrich and water-poor. The correct determination of the stoichiometry of complexes needs additional investigations. For example, it may be estimated by the usage of a model-based multivariate decomposition of vibrational spectra [46] . Additional information may be obtained by ab initio quantum chemical calculations.
The formation of molecular complexes can explain the anomalous concentration dependence of the physicochemical properties of isopropanol-water solutions. The presence of extreme points in the concentration dependences may be related to the domination of molecular complexes in the corresponding concentration region.
